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EXECUTIVE SUMMARY
The Florida Department of Transportation (FDOT) has had a long history of recycling ground tire rubber (GTR) from waste tires in highway projects. FDOT first experimented with asphalt rubber binder (ARB) more than 35 years ago. In 1988, the Florida Legislature mandated the investigation of using recyclable materials such as GTR in roadway construction. For more than 25 years, FDOT has effectively satisfied the intent of the Legislature. However, ARB has often been associated with unpredictable performance and handling issues such as the GTR settling out of the binder. These performance and handling issues has resulted in a higher construction cost and made ARB less appealing since a more reliable alternative, PG 76-22 polymer modified asphalt (PMA), was available. As a result, a task team consisting of FDOT and industry members was formed with the goal of finding a way to make ARB handle and perform similar to PG 76-22 (PMA), Florida's "gold standard" binder. This report documents an accelerated pavement testing (APT) study to compare hot mix asphalt mixtures (HMA) constructed using PG 76-22 (PMA) and PG 76-22 (ARB) binders. This APT study represents the final stage of the implementation of a new PG 76-22 (ARB) specification.
INTRODUCTION
Background
The United States Environmental Protection Agency estimates that approximately 220 million pounds, or 12 million tires, are consumed annually through the use of asphalt rubber. Arizona and California use the most asphalt rubber in highway construction while Florida is the next largest user (1) . Ground tire rubber (GTR), also referred to as crumb rubber or recycled tire rubber (RTR), may be blended into the asphalt binder by three methods known as the dry process, wet process, and terminal blending (2) . The dry process treats relatively coarser GTR particles as an aggregate and introduces it prior to the addition of the asphalt binder. The wet process refers to the blending of fine GTR and asphalt binder at the asphalt plant. This process limits the asphalt production rate to the blending rate of the asphalt rubber binder (ARB).
Terminal blending refers to a process where GTR is blended into the asphalt binder at the terminal or refinery and transported to the asphalt plant for use in the final product. The GTR used in terminal blends is typically finer than that used in the wet process. Terminal blending does not limit asphalt production since ARB can be produced off-site and stored for extended For more than two decades, FDOT has effectively satisfied the intent of the Legislature by incorporating GTR in highway applications. However, ARB use has declined over the last eight years after the full-scale adoption of SBS polymer modified PG 76-22 asphalt binder.
Despite the improved performance compared to neat binders and less expensive production costs compared to PG 76-22 PMA, ARB was often associated with unpredictable performance and handling issues such as the GTR settling out of the binder. These performance and handling issues resulted in a higher construction cost and made ARB less appealing since a more reliable alternative was available. As shown in FIGURE 1, the ARB production is only about ten percent of the FDOT's HMA production.
FIGURE 1 FDOT's Asphalt production for fiscal year 2013-2014 by binder type
In response to the inconsistent performance and wavering use of ARB, a task team consisting of FDOT and industry members was formed in 2011 with the goal of finding a way to make ARB handle and perform similar to a PG 76-22 (PMA), Florida's "gold standard" binder, and to modernize ARB specifications. Previous FDOT sponsored research studying the same topic indicated that hybrid binders, binders modified with GTR and SBS, compared favorably to PG 76-22 (PMA) binder (13) . Later, a significant amount of internal laboratory work was performed studying the required ARB performance properties and how ARB compared to a polymer modified PG 76-22 (PMA). Ultimately, based on laboratory performance data, the task group developed a specification for a PG 76-22 (ARB) binder which required a similar performance to PG 76-22 (PMA) and included a separation requirement to minimize settlement potential.
Objectives and Scope
The primary objective of this study was to evaluate the new PG 76-22 (ARB) using accelerated pavement testing (APT). As part of the study, six experimental test pavements were constructed and tested using three different binder suppliers. Four of the pavement sections were constructed using PG 76-22 (ARB). Since the test sections used a dense graded friction course mixture, a fifth section was constructed using ARB-5 for comparison. Finally, a sixth section was built using the "gold standard" PG 76-22 (PMA) as a control section. Laboratory testing supplemented the APT results and provided an indication of cracking performance for each of the test sections.
FLORIDA'S PG 76-2(ARB) SPECIFICATION
The new PG 76-22 ( were placed in an area of the track which had a history of cracking since cracking performance was the primary objective of this study. 3 ACCELERATED PAVEMENT TESTING
Experiment Design
In order to better understand the properties of PG 76-22 (ARB) binders on asphalt performance, several suppliers that were part of the FDOT/industry task team were contacted to determine the feasibility of constructing test sections using PG 76-22 (ARB) binders from multiple sources.
After several discussions with the paving contractor and the binder suppliers, it was determined that the experiment would include three binder suppliers who would provide four PG 76-22
(ARB) binders. Test sections were also constructed using ARB-5 and PG 76-22 (PMA) binders as comparisons since these binders have been used extensively in the past for dense-graded 
Construction of the Test Lanes
Six test lanes measuring 12 feet wide and 150 feet long were milled and resurfaced for the APT 
FIGURE 2 Test pavement structures
The test sections were constructed according to standard FDOT specifications. The PG 76-22 (PMA) and ARB-5 binders were pumped from the contractor's on-site storage tanks. Since ARB is typically produced through the terminal blend process in Florida, the PG 76-22 (ARB) binders were pumped from the supplier's tankers delivered to the plant during asphalt production.
Similar compaction effort was applied to all of the test lanes and no problems were encountered during placement of the asphalt mixtures. TABLE 4 summarizes the in-place gradations and volumetric properties of the asphalt mixture sampled upon delivery and after compaction. Inplace density was also checked using cores obtained from each test lane. 
Rutting Performance
Accelerated loading was performed using FDOT's HVS with a Super Single tire (Goodyear G286 A SS, 425/65R22.5) loaded to 9 kips and inflated to 110 psi. A wheel wander of 4 inches was used and the test temperature was maintained at 50 °C. Insulated panels are attached to the HVS to maintain the required testing temperature. The HVS and Super Single tire are shown in FIGURE 3. A more detailed description of FDOT's APT facility is described elsewhere (15) . To normalize the effect of construction variability and different pavement aging times prior to testing, at least three tests were performed for each lane using a randomized test sequence. Rut depth measurements were conducted periodically using a laser-based profiling system mounted on the underside of the HVS carriage. Rut tests are typically terminated when a 12.5 mm rut depth is reached, which is considered failure, or until a total of 100,000 wheel passes have been completed. (ARB) mixtures appears to be comparable to that of a standard PG 76-22 (PMA) mixture and any differences observed in FIGURE 4 should be considered minor.
FIGURE 3 FDOT's Heavy Vehicle Simulator
FIGURE 4 APT rut profiles
LABORATORY TEST RESULTS
Asphalt Binder
Asphalt binder collected at the asphalt plant during construction was tested to determine whether it met FDOT's performance graded binder requirements. The GTR C binder failed the % Contractors may continue to use binders that fail the rotational viscosity test, but they are urged to use caution and should consult with the supplier regarding any special handling procedures.
Since the PG 76-22 (ARB) was pumped from the supplier's tanks, no issues were observed during construction. The PG 76-22 (PMA) binder passed all specification requirements that were in place at the beginning of the APT study. However, the MSCR test was not a requirement for PG 76-22 (PMA) at this time and was not conducted on the control binder. In addition, the ARB-5 material passed the rotation viscosity test, which was the only quality control requirement in the former ARB specification. (a) FDOT allows binders with values higher than 3 Pa·s to be used with caution and only after consulting with the suppler as to any special handling procedures, including pumping capabilities.
NOTES:
1. ARB-5 binder did pass rotational viscosity requirement of the FDOT specifications (range 4.0 -6.0 Poise) with a result of 4.6 Poise at 300 °F. 2. PG 76-22 (PMA) binder passed all requirements of the July 2012 FDOT specifications (MSCR test was not a requirement for PG 76-22 (PMA) at the beginning of the APT study).
Asphalt Mixture
Asphalt material was sampled from delivery trucks during construction of the HVS test lanes for use in laboratory mixture testing. Samples were reheated and prepared to determine dynamic modulus, flow number, and fracture properties using the Superpave indirect tension (IDT) tests.
The asphalt dynamic modulus and flow number were determined using the Asphalt Mixture Performance Tester (AMPT) according to AASHTO TP 79. Dynamic modulus tests conducted using three temperatures and four loading frequencies were used to construct a master curve with a reference temperature of 20 °C. FIGURE 5 presents the dynamic modulus master curves and 
FIGURE 5 Dynamic modulus master curves
Superpave IDT tests were performed to determine mixture properties related to fracture resistance. All IDT tests were performed at 10 °C, which has been shown to correlate well with field cracking performance of Florida pavements (16, 17) . The energy ratio (ER) concept was used as an indication of cracking resistance. The ER model links asphalt mixture damage and fracture to dissipated creep strain energy (DCSE). This parameter allows the evaluation of different pavement structures since it includes the influence of mixture fracture properties and pavement structural characteristics. According to this model, crack initiation or propagation occurs when the damage induced exceeds the DCSE threshold in any region of asphalt mixture.
Typically, higher ER values are associated with a higher DCSE limit and lower creep rate and represent a more crack resistant pavement. Detailed information on the ER parameter is presented elsewhere (17) . FIGURE 6 describes how the DCSE threshold (DCSEf) can be determined using the stress-strain response measured from the Superpave IDT strength test.
FIGURE 6 Determination of DCSE f using Superpave IDT test results
(1) It is interesting to note that the two binders with the greatest flow number (Hybrid B and GTR C)
were also found to have the best rutting performance as shown in FIGURE 7. However, the flow numbers for these mixtures are significantly greater than the flow number of the other mixtures while the actual rutting performance is only slightly better. The disparity in the relationship should be investigated further. work that began with the formation of the FDOT/industry task team three years ago. Ultimately, the new PG 76-22 (ARB) specification will continue to encourage the use of recyclable materials in roadway construction projects while requiring improved and more reliable ARB performance.
FIGURE 7 APT rut vs. flow number results
The main findings of the APT study are summarized below.
• All mixtures showed good rutting performance. Rutting resistance of PG 76-22 (ARB)
mixtures was found to be comparable to that of mixture with a standard PG 76-22 (PMA).
• Based on the results of Superpave IDT tests, all mixtures exhibited a good range of ER values, which indicated satisfactory cracking resistance.
• The Hybrid A-H and GTR C binders failed to meet the separation test requirements. In addition, the Hybrid A-H binder was found to have relatively lower dynamic modulus and fracture properties. This data may suggest that there is an optimum range of GTR and SBS
proportions that provide stability to the resulting binder and variations in each supplier's formulations may result in differences in performance, storage, or transportation. Additional research would be necessary to verify this hypothesis.
• Adoption of a performance graded ARB specification replaced two ARBs (ARB-5 and ARB-12) with one (PG 76-22 (ARB)), which simplifies binder production for a supplier and storage at the contractor's asphalt plant.
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